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It was found in several machines that wire scanners may break due to beam-induced
heating. In this paper the losses in the wire due to the fields of a passing particle beam
are calculated using numerical simulation tools. Special care was taken when modeling
the small diameter wire. The heating of carbon wires with LHC beam is calculated and





In the CERN LEP, SPS and other machines it was found that the carbon fibers used in
wire scanners may break due to beam-induced heating [1,2,3]. A significant part of the
heating is due to power from the electromagnetic field of the beam that is dissipated in
the wire. For the LHC wire scanners this effect should be quantified. This is the goal of
the simulations reported here. In this paper only the direct beam fields are considered.
The fields in resonant structures can be damped using ferrites as shown e.g. in [1, 4].
2 Geometry
For the simulations Ansoft HFSS was used [5]. The geometry is shown in Fig. 1. The
beam pipe with the wire scanner cavity was approximated by a square cross-section
chamber. Trapped mode effects in the wire scanner cavity are supposed to be cared
for by the addition of ferrites and not treated in this work. Here we consider only the
effect of the direct electromagnetic fields of a passing beam. A wire simulation was
done, i.e. the beam in the chamber is represented by a TEM transmission line, where
the inner conductor radius corresponds to the rms beam size. The wire was modeled
as being directly connected to the beam pipe. This is an approximation justified by
the fact that the transmission line connected to the fork where the wire is fixed has
a low impedance compared to the wire resistance of ≈ 2000Ω and is terminated by a
50Ω resistance. A more accurate model including the fork and the wiring is of course
possible but much more complex; The present model should be a reasonable but slightly
pessimistic approximation.
In order to limit the number of mesh tetrahedrons the beam as well as the carbon wire
were modeled by hexagonal cylinders. The hexagons are inscribed into the ideal circular
elements, which makes the elements look a bit smaller (≈ (1−√3/2)/2 = 7% smaller
effective radius). For the wire conductivity the measured value of about 4e4 S/m was
used. The model parameters are summarized in the Table 1. Due to the very small wire
Figure 1: Geometry used for the simulation of the carbon wire heating. Only the upper
half of the structure is modeled. The red wire represents the beam. The radius of the
grey carbon wire is scaled up by a factor 100 here for clarity of display.
3 RESULTS 2
parameter unit value
beam pipe side length mm 60
structure length mm 40
rms beam size mm 1
carbon wire radius µm 15
carbon wire conductivity S/m 4e4
carbon wire relative permittivity 1 1
Table 1: Parameters used in the simulation.
size special care had to be taken to get an acceptable convergence. The power lost in
the wire was monitored as a function of the number of mesh refinement runs. It has
the tendency to decrease for successively finer meshes. Up to 12 mesh iterations were
used. Judging from the drop of the power over the last meshes the given results may
overestimate the actual lost power roughly by 20%.
3 Results
3.1 Field pattern
The electric field in two cuts across the wire is shown in Fig. 2(a). Close to the beam
the electric field is ∝ 1/r, but there is a concentration around the carbon wire. The
electric field of the beam drives a current along the wire, which is depicted in Fig. 2(b).
The effect of the magnetic field is negligible, since it induces currents running parallel
to the beam, which are not important in the thin wire. Please note that the current in
the wire is zero on the beam axis and increases monotonically as one approaches the
chamber wall. This behaviour can be explained by basic arguments.
It is assumed that the wire resistivity is large such that the E field is only slightly
perturbed. For symmetry reasons the current must be zero at the beam axis. Going
away from the beam axis the projection of the E field onto the wire increases. For not
too high frequencies (λ chamber radius) the E field can be considered in a quasistatic
approach. The E field can be integrated along the wire to give a voltage between the
wire center and a given point. Going towards the chamber this voltage and therefore
the current must increase to reach its maximum at the beam pipe wall. The losses in
the wire are proportional to the current squared. This qualitative picture is illustrated
in Fig. 3.
3.2 Losses on the carbon wire
The losses on the wire scale with the square of the current density. They increase with
the distance from the beam pipe center and with frequency (Fig. 4). The source data
for different offsets o are attached:
• o = 0 mm
• o = 2 mm
• o = 5 mm
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(a) Electric field in a logarithmic color coding.
There is a electric field concentration around the
carbon wire.
(b) Current density in the wire (linear color cod-
ing). The current increases as one approaches the
chamber wall.
Figure 2: The fields in the simulated structure at 40 MHz, wire offset 10 mm.












I ∝ U ∝ ∫Edx
Power ∝ I2
 beam
Figure 3: Qualitative picture of the beam’s E field in a circular beam pipe. The losses
in a weakly conducting wire should increase when going from the center towards the
beam pipe.
• o = 10 mm
• o = 20 mm
The quantity given is the Volume loss density. To get the line loss density one has to
multiply by the wire cross-section of (15µm· 0.93)2pi, where the factor 0.93 is the cor-
rection for the hexagonal geometry. The total (beam) power incident on the waveguide
port of the structure is normalized to 1 W.
The simulated data should be compared with measured from LEP. Fig. 5 shows dig-
itized video recordings of an 8 µm wire scanning a 0.8 mA beam. Successive traces
are taken during one single scan. The little dip in the last trace represents the local
heating by the direct beam impact. There is very good qualitative agreement between
this measured data from LEP, the simple analytic approach (Fig. 3) and the simulated
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Figure 4: Losses on the wire as a function of the distance from the wire center for a




Figure 5: Optical observation of a LEP wire scanner. During a single scan the carbon
fiber is set glowing, starting on the sides. The beam is in the center of the horizontal
axis. Data of [2], taken from [3].
data for LHC (Fig. 4).
The total power dissipated on the carbon wire was evaluated by integrating the losses
over the wire volume. The results for a scan in wire positions are shown in Fig. 6. The
values given are the fraction of the total field power that is dissipated in the carbon
wire.
Fig. 7 depicts the losses on the wire for two different wire conductivities. Two distinct
regimes can be identified:
• In the low frequency regime the carbon wire couples inductively to the beam.
The beam acts as a current source, which means that the losses are given by
P ∝ I2R, where I is the beam current and R the wire resistance. Since we have
R ∝ σ−1 with the conductivity σ, the losses decrease for better conductivity. The
skin effect is not important below several GHz since the wire radius is smaller
than the skin depth. In addition, at low frequencies P ∝ f2, which can be easily
derived from Maxwell’s Equations neglecting the displacement currents.
• At higher frequencies the wire couples mainly capacitively and the effect of the




























(b) 3D color plot.














Figure 7: Total relative losses on the carbon wire for different conductivities. Solid
traces: σ = 4 · 104 S/m, dashed traces: σ = 1 · 104 S/m.
beam potential. In this case P ∝ σ, i.e. the losses increase for larger conductivity.
A scan with different wire permittivities was also done, but it was found that the
permittivity does not affect the losses on the wire. For a given beam the power deposited
in the wire can be calculated by weighting the relative losses from Fig. 6(a) with the
spectrum of the beam. The field power in the 40 MHz harmonics of nominal LHC beam




as a function of frequency [Hz], for Gaussian (second column) and cos2 (third column)
longitudinal bunch profile. From experience with the SPS a Gaussian profile is believed
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cos2 profile, Ptot=1547 W
Gaussian profile, Ptot=1164 W
Figure 8: The power in the harmonics of nominal LHC beam at top energy, 4σ bunch
length 1.06 ns.
to be more realistic.
For different beams the power in the beam field can be scaled as follows:
• It is proportional to the square of the instantaneous beam current, i.e. the bunch
intensity.
• It scales linearly with the number of bunches. However, the spectrum looks very
different for a single bunch compared to a full machine. In a full machine with 25
ns bunch spacing the spectrum consists exclusively of 40 MHz harmonics, while
a single bunch spectrum is made up of multiples of the ≈ 11 kHz revolution
frequency.
• The effect of the beam size is very small except when the wire is intercepting the
beam. In this case for smaller beams there is more RF power deposited in the
center of the wire. Integrated over an entire scan this should be negligible.
The resulting total losses as a function of wire offset are shown in Figs. 9.
Conclusion
The beam-induced heating of a carbon fiber used in LHC wire scanners was simulated.
On account of the tiny fiber diameter the model had to be optimized to reach suffi-
ciently good numerical convergence. The heating is due to resistive losses of the currents
induced by the beam’s electric field. The losses are small in the middle of the wire, they
increase going towards the beam pipe. Scaling of the results for different beam types
and intensities is possible.
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o=0 mm, P = 26.3 W
o=2 mm, P = 24.2 W
o=5 mm, P = 15.8 W
o=10 mm, P = 8.94 W















(b) 3D color plot.
Figure 9: Total losses on the carbon wire for nominal LHC beam at top energy.
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